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Abstract 

We compute the contribution of Kaluza-Klein graviton exchange to the cross section for 
photon-neutrino scattering. Unlike the usual situation where the virtual graviton exchange 
represents a small correction to a leading order electroweak or strong amplitude, in this case 
the graviton contribution is of the same order as the electroweak amplitude, or somewhat 
larger. Inclusion of the graviton contribution is not sufficient to allow high energy neutrinos 
to scatter from relic neutrinos in processes such as vv —* 77, but the photon-neutrino 
decoupling temperature is substantially reduced. 

1. Introduction 

The 2 — > 2 processes 71/ — > ju, 77 — > vv and vv — > 77 are of potential interest in astrophysics. 
However, because of the vector-axial-vector nature of the weak coupling, the leading term in 
these cross sections for these processes with massless neutrinos, nominally of order G 2 F a 2 uj 2 , 
vanishes due to Yang's theorem PQ|2]. In the limit that the photon energy uj < m e , where m e is 
the electron mass, these cross sections can be shown to be of order G 2 f o?lo 2 (<jj/m w ) A jSHUIS], 
and, in the annihilation channels at least, this uj & behavior persists to center of mass energies 
y/s ~ 2rriw, where mw is the mass of the iy-boson [Hj. 

The u 6 behavior of the photon-neutrino cross sections can be understood in terms of an 
effective Lagrangian of the form 



SM _ 1 g 2 a 

327T77% 



$y v (l + 7s)(^) - (d^hu(l + 7s)V> F^F vX , (1) 
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where g is the electroweak gauge coupling, ip is the neutrino field and is the electromagnetic 
field tensor. In Eq. (JTJ), A is 



A 




(2) 



in the low energy limit to < m e , and A is obtained by fitting the numerical calculation of the 
cross section for u > m e 0. Since £™ is a dimension 8 operator, it follows that the center of 
mass cross sections will behave as u 6 . Another property of Eq. (JTJ is that the scattered photons 
in the channel — > jv are circularly polarized in leading order jH| due to the parity violating 
terms in C c g. There is no linear polarization in this channel. 

Because the scale of £™ is mw, a typical photon- neutrino cross section is quite small, so 
small that a high energy neutrino beam is not attenuated by interactions with the present 
density of relic neutrinos via the process vv — > 77 In the early universe, the photons and 
neutrinos decouple at a temperature T ~1.6 GeV, or about one microsecond after the Big 
Bang. If this temperature were a factor of 10 lower, i.e. T < Aqcd, one might be justified in 
speculating that some remnant of the circular polarization mentioned above could be retained 
in the cosmic microwave background radiation and at this would provide evidence for the relic 
neutrino background. 

Lowering the decoupling temperature necessitates increasing the cross section, <t(z/i/ — > 77), 
or changing the dependence of the age of the universe, t, on the temperature T. The latter seems 
unlikely, since the t ~ T -2 radiation dominated behavior of the early universe is insensitive 
changes such as including a non- vanishing cosmological constant. On the other hand, new 
interactions could increase o(vv — > 77), provided they involve the exchange of particles with 
spin 7^ 1. A new interaction of this type is provided by the recent proposal that the compact 
dimensions of string theory are sufficiently large to make the effective gravitational scale A of 
order a TeV rather than the usual M P = 1.2 x 10 19 GeV Planck scale El QUI EEH ■ That this 
new gravitational interaction will make a significant correction to the standard model photon- 
neutrino cross sections can be seen by rewriting Eq. (0) in the form 
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where T£g and T^g are the symmetrical energy-momentum tensors of the neutrinos and the 
photons. Explicitly, we have 



1 a0 
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In the next section, we show that an effective interaction which is the product of energy- 
momentum tensors also arises when the spin 2 graviton is exchanged between photons and 
neutrinos. This is followed by the calculation of aivv — > 77) and a discussion of the resulting 
astrophysical implications. 
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2. Graviton exchange between photons and neutrinos 

According to models in which only the graviton (G) propagates in the additional n compact 
dimensions of a D = 4 + n dimensional manifold, the compact spatial dimension R is related to 
A and M P as [7] 

A n+2 R n _ M 2/ 47r _ (6) 

The graviton's propagation in all D dimensions implies the existence of a tower of spin 2 particles 
in ordinary space-time, whose masses are given by m| = n 2 /R 2 , where n = (m, n 2 , . . . , n n ) and 
the rij are integers. Furthermore, in these models the interaction between the spin 2 graviton, 
G^v, and any standard model field has the universal form 

A;ff = ~~^livG t iv > (7) 

where T pv is the energy-momentum tensor of the standard model field. 

Given the effective coupling, Eq. 0, it is a simple matter to calculate the 2 — > 2 amplitudes 
[12]. In the annihilation channels (77 — > vv and vv — > 77), the amplitude for a particular 
has the form 
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V a( i\ p {k\ + k 2 ) 



M = ^(Pi'ft) 2 - TZpiku k 2 ) , (8) 

4 M — s — is F 

with s = —{k\ + &2) 2 - Here V a p\ P is the spin 2 projection operator 

V af 3x p {k) = ^ (d aX (k)d Pp (k) + d ap {k)dp X {k) - j^a/3(>) rf Ap(>)) > ( 9 ) 

with 

1 

docp{k) = 5 a(3 H 2"/c Q /c/3 . (10) 

Since the energy-momentum tensors are conserved, symmetrical and, in this case, traceless, 
Eq. (jHJ) reduces to 

= ^( PuP2 ) m% _\ _ - T^iK k 2 ) . (11) 

To complete the calculation of the amplitude, it is necessary to sum An over the values of m\. 
This is done by replacing the sum with an integral over the number density dj\f given by [HI E] 

dM = hl n R n (m 2 Y n ~ 2)/2 dm 2 , (12) 

where Q n is the surface area of an n-dimensional sphere. If the integral over dm 2 is cut off at 
A 2 , we find as leading terms ^l] 

I v - I j In if n — 2 

Q n R n A n - 2 { V . . =-Q n R n A n - 2 I n (A,s). (13) 



m 2 — s — is 2 j 2 if n > 2 2 

n 
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Apart from a ln(A 2 /s) term when n = 2, all values of n have the same A n 2 dependence. If we 
then take the specific realization of Eq. © for the scale parameter A to be 

Vt n A n+2 R n = M 2 P , (14) 

the summed version of Eq. (jllj) is 

Aix 

A g = —I n (A,s)T^( Pl ,p 2 )T2 p (h,k 2 ), (15) 
where we have used k 2 = 32-7T /M| 0. 

3. z/P — ► 77 cross section including graviton exchange 

Using Eq. (J3J), the Standard Model amplitude for the annihilation processes is 

A SM = ^^AT^( Pl , P2 ) T2,(h, k 2 ) , (16) 



57T m 



which, in view of Eq. (|15p. leads to the total amplitude 

A= (^^A+^I n (A,s))T^( Pl , P2 )T2,(k u k 2 ). (17) 

If the photon helicities are denoted by Ai and A2, the product of energy-momentum tensors in 
Eq. (fT7j) is given by 



2^(pi,ft)Zj(*i,k) = ^in0 



st(l-A 1 A 2 ) + i S 2 (l-A 1 )(l + A 2 ) 
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= \m Xi x 2 , (19) 

where t = — (pi — k\) 2 , and 9 is the scattering angle in the center of mass. The differential cross 
section for vv — ► 77 can then be calculated using 

<h 1 El-W, (20) 



with z = COS6 1 , and 



G?2 327TS A| v 



^AxA 2 = (t^z^-A + -^/ n (A, s)) M XlX2 . (21) 
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Summing over the helicities gives 



? = — ( —^A + £j„(A, S )l , 3 (1 - z 4 ) , (22) 
dz 16tt V327rm^ A 4 nK ' J J ^ K J 
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which leads to the total cross section 



77) 
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Using the value A = 14.4 jH| and expressing A in TeV, we find 

2 



<7\VV 



77) 



1 s 3 
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1 + .3 



i»(A, a) 
A 4 



x 10" 31 fb . 



(25) 



The cross section is shown in Fig. for the cases n = 2 and n = 4 with A = .5, land 10 TeV. 
Although the logarithmic variation in the n = 2 case is scarcely detectable in the range .2 GeV < 
y^s < 2 GeV, its presence in the coefficient of A -4 makes the effect of the extra dimensions largest 
for this case. 
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Figure 1: The total cross section a(yv — * 77) is shown. The left panel is the n = 2 result and the 
is the n = 4 result. In each panel, the solid line corresponds to A = 1 TeV, the dot-dash line to A = 
the dashed line to A = 10 TeV. The A = 10 TeV curve is identical to the standard model result. 
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4. Discussion and conclusions 

The possibility of a high energy neutrino scattering from the current relic neutrino background 
is not materially enhanced by the inclusion of the effects of gravitons propagating in compact 
dimensions. Neglecting the electroweak contribution to the vv —>■ 77 cross section, which is 
known to be too small [6 j to produce any scattering, the condition a V u-^^n v d,Q = 1 for at least 
one scattering, gives 

7T S 3 /A 2 \ 

ToT» W {T) n " ct ° = 1 (26) 



5 



or, using the relic neutrino density n„ = 56cm 3 , and the age of the universe to 
the condition can be written 



x 6 \n 2 (x 2 ) 



0.0207A 2 



15 x 10 9 years, 



(27) 



with x = y/s/A and A in GeV. For a 1 TeV scale, the solution to Eq. (}2"Tj) is x = 3.78, giving 
\/s = 3.78 TeV, which is beyond the range of validity of the effective theory. 

The additional contribution to the cross section from gravition exchange will affect the 
decoupling temperature. The temperature at which the reaction vv — > 77 ceases to occur can 
be determined from the reaction rate per unit volume 



P 



(27T) 



d 3 pi 



d 3 p 2 



e E 1 /T + 1 J e E 2 /T + 1 



-a\v\ 
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where p\ and P2 are the neutrino and antineutrino momenta, E± and E2 their energies, \v\ is the 
flux and T the temperature. Using the invariance of aE\E2\v\, the relationship between a\v\ in 
the center of mass frame and any other frame is 



a\v\ 



&CM 



9 /? 2 

EiE 2 



which gives 



a\v\ 



IQE^ml 



x 10- 70 cm 2 



(29) 



(30) 



for n = 2 and A in TeV. Taking s = AE\E 2 sin 2 (6 l i2/2) , where 612 is the angle between the 



incoming neutrinos, the angular integrations in Eq. 



/ 
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result in the integrand 

' i+ AH4y) + - 08 



1: 2 
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(31) 

To estimate the decoupling temperature, the last two terms on the right in Eq. ()31|) . which are 
suppressed relative to the first by small numerical factors, can be neglected. The reaction rate 
per unit volume is then given by 



6.4 x 10" 69 cm 2 T 12 r°° 
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The In x and In y terms in Eq. (|32|) result in contributions which are small relative to the re- 
maining terms. Omitting these terms gives 

1 2 
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where ((z) is the Riemann Zeta function. The interaction rate R is obtained by dividing Eq. ()33j) 
by the neutrino density n v = 3C(3)T 3 /47r 2 , giving 



R=7.3x 1Q~ M T, 



24rp9 
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sec 



(34) 
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Figure 2: The decoupling temperature is shown as a function of the effective gravitational scale A. 



with Tio = T/10 W K. Multiplying R by the age of the universe, t = 2T 10 2 sec, the condition for 
a single interaction to occur is 



The solution to this equation is shown in Fig. El While there is a substantial correction to the 
Standard Model decoupling temperature, a decoupling temperature of a few hundred MeV is 
only possible for A ~ 250 — 300 GeV, which is unrealistically low. The decoupling temperature 
for a 1 TeV scale is 1 GeV, down from the Standard Model result of 1.6 GeV. Thus, a mechanism 
for lowering the photon-neutrino decouping temperature below Aq C d remains elusive. 
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